Background
Introduction
During the past few decades, antimicrobial resistance has increased worldwide, and the perspectives are alarming [1, 2] . The nature, the magnitude and ways to cope with this problem are studied and described in the western world, while this base of knowledge is lacking in developing African countries [3] [4] [5] [6] . We lack reports on mortality related to distribution of pathogens and their resistance patterns. Without such reports, guidelines for empiric treatment of severe bacterial diseases cannot be given. While updated studies on outcome in sepsis in Africa are almost non-existent, there are a few reports on bacterial culture results. The most alarming reports on antimicrobial resistance concern patients admitted to hospitals [7] , while community-acquired infections may have lower profiles of resistance [8] . In Ethiopia, the resource situation has not allowed antimicrobial resistance to be prioritized as major public health concern despite the obvious needs [9] [10] [11] . There was a report of multi-resistant Klebsiella spp. in the paediatric department of Black Lion Hospital, Addis Ababa (BLH), in 1988 with resistance rates for chloramphenicol, gentamicin and co-trimoxazole of 96, 89 and 86%, respectively [10] . In the early nineties, the newly introduced third generation cephalosporins (3GC) cured 76% of severe bacterial infections not responding to standard antibacterial treatment at that time [12] . In 2006, the proportions of resistance were 86%, 83%, 3%, 86%, 9%, and 43% to ceftriaxone, chloramphenicol, ciprofloxacin, gentamicin, kanamycin and co-trimoxazole respectively, among 76 gram-negative blood culture (GNB) isolates from paediatric patients of the same hospital [11] . There are two recent reports about the sensitivity patterns of urinary tract pathogens in Ethiopia indicating alarming figures of resistance among GNB [13, 14] . According to these studies, the proportion of strains resistant towards ceftriaxone and ciprofloxacin has increased from 33 to 48% and 24 to 36%, respectively, from 2009 to 2014 [13] . Phenotypic beta-lactamase identification was performed in 17 consecutive Enterobacteriaceae isolates resistant to ceftazidime from BLH in 2013. All but one strain had extended spectrum beta-lactamase A (ESBL A). The remaining strain that did not carry ESBL A properties was resistant to meropenem (E-test method, authors' unpublished observations). Later observations indicate that 2-3% of GNB isolates resistant towards 3 rd . generation cephalosporins (3GC) are also meropenem resistant (authors' unpublished observations). In a country where carbapenems
have not yet been introduced, this is a remarkable observation. The clinical impression in Ethiopian hospitals is further that there is widespread resistance to 3GC, which is used empirically to treat blood stream infections. The daily concern is thus to seek alternatives for management of GNB infections. Much effort was therefore made to study covariation of resistance among GNB isolates. Addis Ababa has 3,5 mill. inhabitants and is situated at 2300 meter above the sea level. Due to the high altitude, many diseases found in warm climates like malaria and visceral leishmaniasis are not spreading in Addis Ababa, but patients with these and other diseases are referred to our hospital from all parts of Ethiopia.
The aim was to study how mortality depended on bacterial pathogens, antimicrobial resistance, HIV coinfection and pancytopenia. In addition, covariation of resistance among GNB isolates was assessed. Datasets for the prospective (adult patients) and the retrospective (bacteriological reports, children´s specimens) are found at the end (S1 File)
Materials and Methods
Data sampling was done in Black Lion Hospital (also called Tikur Anbessa Teaching Hospital), a large tertiary care hospital in Addis Ababa, Ethiopia, between August 2012 and October 2013. Adult patients were recruited when there was a clinical suspicion of septicaemia and 2 of the 3 following criteria were fulfilled: axillary temperature 38.5°C or 36.5°C, pulse 90 beats / minute and frequency of respiration 20 / minute. Patients who had received antibiotics within the last 72 hours were excluded. Clinical data of patients were recorded using a structured questionnaire. Laboratory results included HIV status (positive, negative or unknown). Haemoglobin (Hgb), White blood cell count (WBC), platelet count (Plt) and blood culture. Other investigations i.e. X-ray and clinical chemistry, were only done according to clinical need and are thus not reported. Blood cultures were collected with Bactec aerobic and anaerobic blood culture bottles (Becton, Dickinson and Company, 7 Loveton Circle Sparks, Maryland 21152, USA. One set (two bottles) only was taken from each patient. Bottles were kept at room temperature for up to 6 hours until transported to the International Clinical Laboratory, Addis Ababa, for incubation in a Bactec blood culture incubator at 35°C. Samples were recorded as negative when no growth was detected within five days' incubation. Whenever there was clinical suspicion of endocarditis or slow growing microbes, incubation was prolonged to 10 days. Subculture was done on Oxoid´s blood and chocolate agar plates (Oxoid Limited, Wade Road, Basingstoke, Hampshire, RG248PW UK). Identification of species was started with gram stained smear. Fermentation profiles were used for gram negative aerobic rods while catalase test was done for gram positive cocci. For bacteria identified as Staphylococcus spp., Prolex test was applied (Pro-Lab, 3 Bassendale Road, Bromborough, Wirral, Merseyside, CH62 3QL, UK). Positive isolates were named S. aureus while negative isolates were labelled coagulase-negative Staphylococcus (CoNS). Further identification of Staphylococci was not done. Susceptibility testing of the non-fastidious isolates was done on Oxoid´s Müller-Hinton agar (CM0337). Oxoid susceptibility disks were used with Kirby-Bauer's method throughout the study; zones of clearance were interpreted according to CLSI. Intermediate susceptibility was recorded as resistance. Susceptibility was measured for antimicrobials used in Ethiopia, including both ceftriaxone and cefotaxime but not ceftazidime and carbapenems.
Statistical approaches
The needed statistical power and sample size was assessed with the intention to identify any difference in mortality 60% related to GNB sepsis with and without resistance to the empirically applied antibiotics-cefotaxime and ceftriaxone. Given α = 0,05 and 1-β = 0,80, the number of GNB isolates needed would be 20. If 50% of all isolates were GNB, we would need a total of 40 isolates. With expected yield of 15%, we would need 270 or more patients, to which we added a 10% safety margin. Sampling was terminated when 299 samples had been reached.
The odds ratio for variables´association with outcome was first studied in a univariate model. For variables that had significant results, a multivariate model using logistic regression was applied to confirm significance. Because all patients with resistant GNB isolates died, OR and multiple regression could not be used for this group. Instead, relative risk was given.
Since beta lactamase-mediated resistance will not always be expressed phenotypically when tested for third generation cephalosporins, we tested for both ceftriaxone and cefotaxime while the reading with lowest sensitivity only was recorded [15] . For statistical calculations, intermediate resistance was counted as resistance.
Observed number of paediatric gram-negative isolates expressing resistance to 0-4 antibiotics (third generation cephalosporins, chloramphenicol, co-trimoxazole and gentamicin) was compared with expected randomly distributed co-resistance to assess the relative risk for covariation (N = 87).
Classification of severe pancytopenia
We did not have the resources needed to make a definite diagnosis for patients with abnormal blood cell values. Instead, we analysed outcome for patients with grade 3-4 pancytopenia [16] . Patients found to have blood cell values clearly below what we would expect in septicaemia in Europe were recorded as having pancytopenia. The concerned patients were those with any one of the three cell lines being very low (Hgb < 7.0 g/100 ml, WBC <1.0 giga/L or Plt < 20 giga/L), when also the remaining two values were below a given limit, i.e. Hgb < 9,0 g/100 ml; WBC < 1.5 giga/L and Plt < 30 giga/L. We thus assessed the mortality risk attributable to strictly defined levels of pancytopenia.
Retrospective study of paediatric isolates
In order to assess covariation of resistance among gram-negative isolates in Addis Ababa, we needed a larger number of isolates. This was made possible by reviewing bacteriological results of Enterobacteriaceae and non-fermenters in one year´s yield of positive blood culture results (October 2012 -September 2013) from children admitted to the Paediatric Department of BLH, Addis Ababa, Ethiopia. This was thus a retrospective study of blood samples in the same hospital at same time as the prospective study of adults. In contrast to the prospective clinical study on adult patients, these blood cultures were sampled and brought to the hospital's bacteriological laboratory. Two to five mL of blood had been collected in bottles using conventional Brain-Heart-Infusion agar-based in-house method (Oxoid CM1135, Oxoid Limited, Wade Road, Basingstoke, Hampshire, RG248PW UK). They were incubated aerobically for 5 days without CO 2 enrichment of atmosphere at 35°C. Subculture was done every other day. Subculture and susceptibility testing was performed as described above, with the exception that susceptibility to ceftazidime and amikacin was also tested for GNB in this cohort.
Ethics statement
Ethical approval for the study was granted by the Institutional Review Board of Addis Ababa University Medical Faculty and from the Regional Committee for Medical and Health Research Ethics of Norway (REK sør-øst). Patients were included after receipt of written informed consent. For minors and unconscious patients consent was obtained from parents or guardians.
Results

Characteristics of survivors and non-survivors
Altogether 299 patients were included. Seven of these patients were later excluded because their blood culture samples had been lost on their way to the external laboratory. We have thus studied 292 adult patients. 164 (56%) were admitted to the medical ward while 126 (43%) were in emergency department of the medical admission unit. Two patients were recruited from the departments of surgery and gynaecology, respectively. Other candidates from these departments could not be included because they were all on antibiotics when they developed clinical signs of sepsis.
Overall mortality was 15.1% (44/292). Main characteristics of survivors and non-survivors are shown in Table 1 .
Altogether 38 blood cultures were positive, and the yield was thus 13,0%. The only three groups of bacteria identified were Staphylococcus aureus (7 patients), CoNS (11 patients) and GNB (20 patients). According to outcome of microscopy and catalase tests, none of the gram positive isolates were Streptococci. Patients with positive blood culture had a fivefold higher death rate than those without bacteraemia (50.0% vs. 9.8%). Details are given in Table 2 .
One patient with S. aureus septicaemia died. The clinical picture of this 25 years old patient was consistent with advanced endocarditis with cerebral embolus and the isolate was fully sensitive towards all antibiotics that had been tested. Except for this patient with probable complicated endocarditis, all patients with S. aureus related sepsis recovered and were discharged alive. Five of the S. aureus isolates were fully susceptible to ceftriaxone, cefotaxime and cephalothin. One isolate expressed susceptibility to cephalothin and cefotaxime and intermediate susceptibility to ceftriaxone, while the seventh isolate was resistant towards ceftriaxone. One isolate expressed intermediate susceptibility to vancomycin ( Table 3 ). The significance of this observation is discussed.
For patients with GNB sepsis, mortality was strongly associated with resistance to 3GC (Table 4 ). In fact, all patients died whose isolate had reduced sensitivity to 3GC. Among patients with 3GC sensitive isolates, one patient died. Because there were zero survivors among patients with 3GC resistant isolates, univariate and multivariate logistic regression analysis with odds ratio could not be done. Instead, relative risk was calculated [11/11 vs. 1/9; RR 9.00 (1.42-57.12, p = 0.0198)]. The single patient who died from GNB sepsis with a fully sensitive isolate had been in hospital for a condition that appeared to be acute leukaemia. This patient was included in the study when sepsis developed 7 days after admission.
Mortality among patients with coagulase negative Staphylococci (CoNS) was 6/11 = 54.5%, which was significantly higher than mortality recorded for patients with negative blood culture results (RR = 5.54; CI 2.88-10.67).
Co-variation of resistance
The tendency was that GNB isolates expressed reduced susceptibility to non-beta-lactam antibiotics when isolates were also resistant to cefotaxime or ceftriaxone. In fact, efficient alternatives would not have been available in Ethiopia for 8/11 patients who died with Enterobacteriaceae-infected isolates that had low susceptibility or resistance to 3GC (Table 4) .
Covariation of resistance was studied more extensively in the paediatric cohort, and these results are given in Tables 5 and 6 . Susceptibility results for one antimicrobial agent could not be retrieved for five of the isolates, and these are excluded from Table 6 . Test results from all 92 isolates are included in Table 5 , which gives extent of covariation as percent. While Table 6 expresses the extent of group covariation, Table 5 gives the rate of agreement between 3GC and one other agent at the time. As can be seen in Table 5 , >70% of isolates expressed resistance covariation between 3GC, chloramphenicol, co-trimoxazole, tetracycline and gentamicin. This property was not confined to one single strain, but was shared by all groups of gram-negative rods that were tested. Ciprofloxacin and amikacin were the exceptions. Ninety percent of isolates expressed susceptibility towards amikacin. Table 6 shows the mathematical expression of covariation between four different groups of antibiotics. The observed numbers of isolates expressing resistance to 0 and 4 antibiotics were significantly above expected numbers.
Significance of HIV infection and pancytopenia
Eighty-nine patients (30,5%) had pancytopenia as defined here. Mortality was significantly increased for pancytopenic patients, and this significance remained in the multivariate analysis among patients with negative blood culture results. Pancytopenia was also associated with Table 4 . Antimicrobial resistance, pancytopenia and outcome for patients with sepsis caused by gram-negative rod-shaped bacteria. significantly increased mortality among patients with positive blood cultures in the univariate analysis, but this association was not confirmed in the multivariate analysis. None of the patients with S. aureus infection, one patient with CoNS and 11/20 patients (55%) with GNB septicaemia had pancytopenia. In all but four of the HIV positive patients, i.e. thirty-six cases, patients were thought to have AIDS on clinical grounds. Only two of these patients died, however, and HIV positives had significantly lower mortality than others (HIV negatives and patients who had not been tested for HIV) in the univariate analysis. The significance did not remain in the multivariate analysis, however (Table 2) .
Discussion
Mortality associated with positive blood culture results
The mortality risk was increased fivefold in those with a positive blood culture. The most notable observation was that reduced sensitivity towards 3GC, the empirically used antibiotics, could not be overcome in sepsis with GNB. All 11 patients with resistant GNB died, which alone represented 25% of the reported deaths in this study. Growth of CoNS was also associated with increased mortality.
Based on bacteriological observations, patients with positive blood cultures consisted of 3 different groups with different clinical pictures and outcomes: seven patients with S. aureus, eleven with CoNS and twenty with GNB bacteraemia.
The isolate of the one patient who died with S. aureus sepsis was fully susceptible to all tested antibiotics. It is likely that prognosis was poor because of advanced disease when the patient arrived for admission. The other 6 patients with S. aureus sepsis improved on Table 6 . Covariation of resistance to third generation cephalosporins, chloramphenicol, co-trimoxazole and gentamicin among gram-negative bacteria, paediatric cohort. Observed number of isolates expressing resistance to 0-4 antibiotics compared with expected randomly distributed co-resistance (N = 87). treatment, and the in vitro susceptibility cards revealed susceptibility towards three or more non-betalactam antibiotics for all isolates including the two mentioned in Table 3 that had reduced sensitivity to cephalosporins. In the group of patients with GNB sepsis, mortality was strongly associated with susceptibility patterns. The absence of early laboratory reports in patients with GNB sepsis made antimicrobial stewardship impossible. However, even if the resistance patterns had been known earlier, it could still have been very difficult to save a number of patients. As shown in Table 4 , resistance to 3GC was commonly accompanied by resistance to alternative antibiotics as well. For most of these patients, efficient antimicrobials would not be found on the Ethiopian market.
Frequencies
The third group of patients with positive blood cultures were patients with CoNS isolates. CoNS-related mortality usually concerns endocarditis and infections related to foreign bodies e.g. prostheses [17] . None of our patients had prostheses or other foreign bodies. Endocarditis was only suspected in one patient with growth of CoNS in blood culture. CoNS commonly represents skin micro flora contamination when found in blood cultures in high-income countries. Contamination is most likely to occur when phlebotomy is difficult, as in dehydrated and heavily diseased cases. In countries that have reduced health resources, disease severity is a stronger predictor of poor outcome than elsewhere [17] . We have no proof for this in our study, however. One of the 89 pancytopenic patents had CoNS in his blood culture. While serum creatinine was normal for three of the patients who died, it had not been checked for the remaining three patients who died.
In this limited study S. aureus resistance was not a challenge, while inability to manage infections caused by resistant GNB was a huge problem. Blood stream infection (BSI) with virulent Enterobacteriaceae is a potentially deadly condition, and survival depends on capacity of caretaking institution to manage clinical challenges including organ failure and antimicrobial resistance [18] [19] [20] [21] [22] . Standards for management of these patients are developed in well-equipped western hospitals with well-manned clinical units, good laboratories and well-developed routines for communication and interaction between professional groups. When availability of resources is low, capacity to reach these demands is limited. In a situation like ours where antimicrobial stewardship could not be achieved, we would expect survival in BSI to depend on two things: treatment that is started before severe organ failure has developed, and pathogens that are susceptible to the antibiotic that is given empirically [23] . It is a tragedy, of course, if empirical treatment commonly fails in settings where resistance cannot be identified in time. Hospitals that lack laboratories for bacteriology are in urgent need of sufficiently equipped and manned laboratories. According to the present study, amikacin should be imported and become a part of empirical treatment of BSI in Ethiopia. However, heavy decisions about treatment guidelines for BSI should rest upon a much wider base of information: we need more studies to find the most appropriate antibiotics for empirical use.
HIV infection
HIV infection and pancytopenia were found in a large number of patients (123 = 42%) While pancytopenia contributed to the background mortality, HIV infection did not. When knowing that a septic patient was HIV positive, the common assumption was that this patient had also AIDS. With reference to the low mortality rate in this cohort, this assumption was probably commonly wrong. We suggest that CD4 cell counts are made for all HIV positives in future sepsis studies in Africa. In Ethiopia, efficient HIV management is now available. Most patients with known HIV infection can thus be protected against disease progression [24] . When there is awareness about HIV infection, this coinfection may not be a major mortality risk. Immune deficiency may be more common among those who have not been tested for HIV infection [24] .
Pancytopenia
Medicine commonly needs to be redefined to become manageable in resource-poor settings. The approach used in this study adopted the strategy of simplifying the following elements to make research manageable:
1. At this time point, the focus is on major causes of death-i.e. those that are exposed even with moderate statistical power [25] .
2. The most demanding part was to evaluate and follow patients. A large patient cohort, which would have been beyond our capacity, would be needed to study resistance covariation. This was overcome by exchanging the additional need for patients with a retrospective review of contemporary laboratory results in our hospital.
3. Comorbidity scores were not assessed because they were found to be non-applicable in a resource-poor setting.
Comorbidity influences risks for infection and death [26, 27] . However, even in newer versions, comorbidity index systems are not adopted to clinical risks in Africa, and clinical diagnoses in Africa are commonly not sufficiently structured for calculation of comorbidity scores [28] . Many of our patients had abnormal haematological values, and 89 patients had severe pancytopenia. In Europe, severe pancytopenia is commonly seen in haematological malignancies and only occasionally observed as caused by bacterial infection [29, 30] . This may be different in in Africa. To what extent pancytopenia was caused by sepsis or a haematological comorbidity could not be answered, but that may not be very important: While studying impact of antimicrobial stewardship on sepsis, it is important to measure variables that contribute to mortality also when the bacterial infection is treated correctly. Pancytopenia can be used for this purpose in Africa.
Laboratory methodology and epidemiology of antimicrobial resistance
The observed intermediate susceptibility to vancomycin in one S. aureus isolate in this study was unexpected. Vancomycin susceptibility testing is challenging, and the isolate was unfortunately not retested. There have been some reports on reduced susceptibility to vancomycin among Staphylococc spp. in Asian developing countries. Staphylococcus isolates showing reduced susceptibility to vancomycin should therefore be retested with improved methodology [31] .
Sensitivity testing of GNB with the methods used here is debatable as resistance to 3GC may not be expressed in vitro. This concerns Enterobacter spp. of course, but also other GNB groups may have a lower sensitivity than the inhibition zone would say. When it comes to 3GC readings in GNB isolates, we therefore prefer to record readings of intermediate sensitivity as resistant. This was also done in the present study.
During the past ten years, there has been one previous report on outcome of BSI among adult patients in Africa [32] . That study focuses on the impact of HIV management. There are a few studies on BSI in childhood, most of them concerning neonates [33] [34] [35] [36] . The common finding is that antimicrobial resistance is an important killing factor among children in all age groups, and that resistant GNB are the worst (5-6).
The risks for selection and spread of resistance are high whenever 3GC is used. Once resistance has started to spread, continuous exposure to the same antibiotic may worsen the situation. The observation that covariation of resistance is not confined to one species, but shared by all groups of GNB tested is worth noticing (Table 5 ). If our observation of resistance covariation is confirmed, continuous use of any one of these five compounds will ease propagation of resistance to all of them [30] . It is important that antibiotics are used with restriction and care, and that chloramphenicol, 3GC, co-trimoxazole, tetracycline and gentamicin are all avoided as much as possible. Resistance towards ciprofloxacin is already an increasing problem. Nevertheless, the impression is that ciprofloxacin and amikacin are not part of this covariation ( Table 5 ). The same is probably also true for carbapenems that were not tested here. It is sad that resistance to carbapenems seems to be spreading even before carbapenems have been used in the country (authors' unpublished observation). Introduction of carbapenems may now trigger further accumulation of carbapenem resistance in Ethiopia [37] . In the present situation, amikacin is probably the best alternative for empiric coverage against GNB. More than 90% of Gram negative isolates are susceptible towards amikacin, and its barrier against development of resistance is probably higher than for any alternative. Previous experience shows that caution is highly needed even with this antibiotic, as amikacin resistance may also be aggregated [38] . When used empirically for BSI, amikacin should be combined with another compound that needs to be discussed upon.
There is growing evidence for global spread of antimicrobial resistance [39] . Even if the burden of antimicrobial resistance in western countries like Norway is much smaller than in Ethiopia, rates are increasing exponentially, and may become a major problem in western countries as well [40] .The identification of meropenem-resistant K pneumonia in Addis Ababa before carbapenems were used inside the country can be due to the health care tourism of recent years. The Ethiopian middle class, now counted in millions, attends hospitals in Thailand and other destinations overseas for medical treatment including surgery. Thus, Ethiopia is probably a receiver of this severe health problem. At the same time, this and other studies from Ethiopia point at the current accumulation of antimicrobial resistance inside Ethiopia itself. The world is woven together in a network of nations that are receivers, producers, and exporters of antimicrobial resistance: concentrated resistance in one corner of the world will become a global problem [41, 42] . This and other papers contribute to the understanding that mapping, managing and halting resistance is mostly needed and most difficult where resources are scarce. Resource poverty in developing countries has thus become our common enemy [2, 43] .
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